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As  a  result  of  studying  the  thermal  expansion  of  the  solid 
solutions  of  refractory  metals  in  groups  IV,  V  and  VI  ol*  the 
periodic  system  it  has  been  established  that  in  the  curves 
of  the  dependence  of  the  coefficient  of  thermal  expansion 
upon  composition  in  all  the  investigated  solid  solutions, 
no  minima  or  maxima  inherent  in  alloys  with  a  ferromagnetic 
anomaly  or  in  the  alloys  in  which  phases  of  the  delta-phase  ✓- 
are  formed  have  been  detected.  In  all  cases  the  coefficient 
of  thermal  expansion  of  the  single-phase  solid  solutions  of 
refractory  metals  has  either  an  approximately  linear  dependence 
upon  composition  (chromium-vanadium,  chromium-molybdenum, 
molybdenum-niobium,  zirconium-t:»  tanlum),  or  changes  on  a 
curve,  while  remaining  in  magnitude  within  the  limits  c.f  the 
values  of  the  coefficients  of  thermal  expansion  for  the  ele¬ 
ments  forming  the  system  (molybdenum-vanadium,  niobium- vfinadi urn ) 
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Today,  for  various  vacuum  junctions  with  dielectrics  (glass,  , 

,  ceramics,  mica,  sapphire  and  others)  ferromagnetic  alloys  with  an  i 
anomaly  of  thermal  expansion  are  widely  used;  they  have  relatively 

•  low  coefficients  of  thermal  expansion  which  are  close  in  value  ! 

•  to  the  indicated  dielectric  materials.  However;  the  low.  j 

•  coefficients  of  expansion  of  these  alloys  are  maintained  only  up  j 
to  the  magnetic  transition  temperature,  i.e.,  to  lJ00-500°C.  With  | 

j  a  rise  in  the  temperature  coefficient  of  thermal  expansion  for  j 

•  ferromagnetic  alloys  sharply  increases  while  the  temperature 

coefficient  of  thermal  expansion  of  a  number  of  dielectric  ! 

;  materials  is  changed  very  little  with  temperature.  j 

I 

<  Despite  numerous  studies  of  both  a  theoretical  and  an  ! 

» 

1  experimental  nature,  up  to  now  efforts  to  obtain  ferromagnetic _ j 

l  alloys  with  a  low  coefficient, of  thermal  expansion  at  temperatures 
above  ^50°C  have  been  unsuccessful.  In  connection  with  this, _  ♦ 
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a  new  direction  was  selected  -  investigating  alloys  based  on  « 

,  refractory  metals,  which,  as  a  rule,  have  low  coefficients  of  • 

,  thejrmal  expansion  over  a  wide  range  of  temperatures. 

• 

!  i 

The  general  adherences  to  the  law  of  thermal  expansion  were  ( 

investigated  for  the  single-phase  solid  solutions  of  certain  f 

5  binary  systems  of  refractory  metals  in  groups  IV,  V  and  VI  of 

•  the  periodic  system:  molybdenum-chromium,  molybdenum-niobium,  ■ 

i  molybdenum- vanadium,  chromium-vanadium,  niobium- vanadium,  ! 

zirconium-titanium,  zirconium-hafnium,  and  also  for  comparison 

•  chromium-iron  and  vanadium-iron.  In  the  last  two  binary  systems, 

1  dependence  of  the  coefficient  of  expansion  upon  the  composition 

1  in  both  the  ferromagnetic  and  in  the  paramagnetic  ranges  was 
revealed. 

i 

i 

i  Alloys  were  prepared  by  the  cermet  method  (in  the  first 

:  i 

•  stage  of  the  investigations)  and  also  by  the  method  of  arc 
smelting  pure  burden  materials.  Alloys  of  the  zirconium-titanium » 
and  zirconium-hafnium  systems  were  made  from  iodide  materials.  i 

‘  Alloys  of  the  chromium- vanadium,  chromium-iron  and  vanadium-iron  ! 
i  systems  were  smelted  in  an  induction  furnace  in  argon. 

•  The  thermal  expansion  of  the  alloys  was  studied  in  cast- 

and  cermet  specimens,  which  were  preliminarily  homogenized  at  • 

'  temperatures  which  ensure  the  equilibrium  state  of  the  alloys. 

_2j 

’  Homogenizing  annealing  was  done  in  a  vacuum  no  less  than  10  mm  Hg 
« 

;  or  In  argon. 

» 

For  dilatometric  research  on  the  majority  of  the  alloys, 

'  a  quartz  dilatometer  made  by  Professor  P.  G.  Strelkov  was  used. 

-5 

i -This  instrument,  which  in  sensitivity  (2.2*10  ram/div)  approaches 
the- class! cal  interference  dilatometer,  is  intended  especially 
.  -for-studying  the  small  specimens.  Measurements  were  mad-,  by  *  i.> ■ 
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absolute  method  to  800-900°C  In  vacuum.  The  measurement  error 
does  not  exceed  1%.  Some  cermet  specimens  of  the  alloys  smelted 
in  the  induction  furnace  were  measured  on  an  indicator  dilatometer. 
The  measuring  error  on  this  insl  rument  compr.1  ed  2-335. 

The  results  of  research  on  the  thermal  expansion  of  solid 
solutions  are  presented  in  the  form  of  graphs  of  the  dependence  * 
of  the  average  coefficient  of  thermal  expansion  upon  composition.  ; 

i 

Figure  1  shows  the  variation  of  the  coefficient  of 
expansion  with  composition  for  alloys  of  the  chromium-molybdenum 
system  (the  cermet  specimens)  in  three  temperature  ranges  — 
20-300,  2C-500  and  20-700°C.  It  is  evident  that  the  coefficient 
of  expansion  of  chromium-base  solid  solutions  monotonically 
decreases  with  an  increase  in  their  molybdenum  content.  ; 


Fig.  1.  The  variation  in  the  coefficient 
of  thermal  expansion  for  alloys  of  the 
chromium-mo "> ybdenum  system  in  the  tem¬ 
perature  ranges  20-300  (1),  20-500  (2) 
and  20-700°C  (3)  as  a  function  of 
composition. 


In  the  chromium- vanadium  system  an  extremely  flat  shape  of 
the  expansion  curves  is  observed  in  tne  same  temperature  ranges. 
The  coefficient  of  thermal  expansion  of  the  solid  solutions  of 
this  system  varies  almost  linearly  with  composition  between  the 
values  of  the  coefficients  of  expansion  of  pure  metals  -  chromium 
and  vanadium;  this  is  illustrated  by  Fig.  2. 


Fip.  2.  Tiv  variation  in  the  coefficient  of 
thermal  expansion  for  lo-  solid  solutions  of 
the  chromium- vanadium  system  in  the  tempera¬ 
ture  ranges  ?n_]>no  Cl),  20-500  (2)  and 
20-700°C  (3)  as  function  of  composition 


60  MV  it-  *  .  '  u  ••  uj  c 

(annealing  at  1000°C  for  2k  h). 
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In  the  niobium- vanadium  system  the  coefficient  of  thermal  ( 
expansion  of  solid  niobium-base  solutions  increases  linearly  with  | 
composition  up  to  a  50  wt.  %  vanadium  content.  With  a  further 
increase  in  the  vanadium  content  in  solid  solutions  with  niobium,  • 
the  coefficient  of  expansion  of  the  alloys  is  barely  changed  and 
in  terms  of  values  approaches  the  coefficient  of  expansion  of 
pure  vanadium.  The  concentration  dependence,  which  is  character-  1 
ized  by  the  variation  in  the  shape  of  the  expansion  curves  for 
the  7  -lid  solutions  of  this  system  in  the  20-300  and  20-900°C  ; 

t 

temperature  ranges,  is  shown  in  Pig.  3. 

Fig.  3.  The  variation  in  the  coefficient 
ui  unermal  expansion  with  the  composition 
of  solid  solutions  in  the  niobium-vanadium 
system  in  the  20-300  (1)  and  20-900°C  (2) 
temperature  ranges.  : 

The  variation  with  composition  of  the  coefficient  of  thermal 
expansion  for  the  solid  solutions  of  the  molybdenum-niobium, 
molybdenum-vanadium  and  molybdenum-chromium  systems  in  the  20-800°-C 
range  is  presented  in  Fig.  4.  For  comparison  ,.this  graph  gives 
V.  N.  Yeremenko’s  findings  for  *he  same  temperature  range,  which 
he  obtained  in  cermet  alloys  of  the  molybdenum-niobium  system  [1].. 


Fig.  *J.  Tne  influence  of  the  second 
element  content  o-  the  coefficient  of 
thermal  expansion  of  solid  solutions 
with  molybdenum  in  the  20-800°C  range. 

KEY:  (1)  According  to  the  findings  of 

Yeremenko. 
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As  can  be  seen  from  Fig.  with  an  increase  in  the  second 
element  content  in  solid  solutions  containing  molybdenum,  the 
coefficient  of  thermal  expansion  increases,  but  with  different 
degree  of  deviation  from  additivity.  An  almost  linear  dependence 
of  the  coefficient  of  thermal  expansion  upon  composition  is 
observed  in  the  solid  solutions  of  the  molybdenum-niobium  system,  . 
and  a  noticeable  deviation  from  linearity  is  observed  in  solid 
solutions  of  molybdenum-vanadium  and  molybdenum-chromium.  The 
addition  of  both  chromium  and  vanadium  sharply  increases  the 
coefficient  of  theimal  expansion  of  molybdenum.  The  influence  of 
vanadium  on  the  increase  in  the  coefficient  of  thermal  expansion  . 
is  especially  noticeable  with  a  content  of  up  to  40-50JK  vanadium  •' 
*in  solid  solutions  containing  molybdenum.  With  a  further  increase 
in  vanadium  concentration,  its  effect  is  small,  which  is  analogous 
to  the  influence  which  vanadium  exerts  on  the  variation  in  the 
coefficient  of  thermal  expansion  for  the  solid  solutions  in  the 
niobium-vanadium  system  (see  Fig.  3).  However,  the  variation  in 
the  slope  of  the  concentration  curves  of  thermal  expansion  for 
the  solid  solutions  of  the  niobium-vanadium  and  molybdenum- vanadium 
systems  shows  that  the  values  of  the  coefficients  of  thermal 
expansion  of  all  solid  solutions  do  not  go  beyond  the  limits  of 
the  value  of  the  coefficient  of  thermal  expansion  for  pure 
vanadium,  just  as  the  value  of  the  coefficients  of  thermal 
expansion  for  the  solid  solutions  of  the  molybdenum-chromium  system 
do  not  exceed  the  values  of  this  parameter  for  pure  chromium. 

Figure  5  gives  a  graph  of  the  concentration  dependence  of  the 
thermal  expansion  of  the  solid  solutions  of  the  zirconium-titanium 
system  in  the  20-500°C  range  (cast  specimens).  Here  the 
influence  of  an  admixture  of  hafnium  in  the  initial  zirconium  on 
the  indicated  composition-property  dependence  has  been  shown. 


c  32.?  55 .0  74/  384  Ti  at.*  , 

aiP.teW] - — — -r - r — : — ,  Fig.  5.  The  concentration  dependence  of 

tr"'[  'the  coefficient  of  thermal  expansion  of  ; 

8  _  t Kirr.osxini _ •  alloys  of  the  zirconium-titanium  system 

eircbfiZHt  and  the  influence  of  an  admixture  of 

Kr''  j  •hcUQXHf  hafnium  on  this  dependence  in  the 

0  _  20.  It)  60 80i,vt.%  20-500°C  range. 

i 

* 

Figure  6  illustrates  the  variation  with  composition  of  the  ' 
coefficient  of  thermal  expansion  of  the  solid  solutions  of  the 
same  system,  depending  on  state  and  means  of  making  the  alloys:  j 
by  casting  (1),  by  deformation  (2)  and  by  cermet  methods  (3), 
in  the  20-200° C  range. 

Fig.  6.  The  variation  with  composition  of! 
the  coefficient  of  thermal  expansion  of  ‘ 
solid  solutions  in  the  zirconium-titanium 
system,  depending  on  state  and  means  of 
obtaining  alloys,  in  the  20-200°C  range. 

From  the  graphs  presented  in  Pigs.  5  and  6,  it  is  apparent 
that  the  coefficient  of  thermal  expansion  of  the  solid  solutions 

* 

of  the  zirconium-titanium  system  changes  continuously  with  little, 
deviation  from  additivity  —  from  the  values  of  the  coefficient  of 
thermal  expansion  of  pure  zirconium  to  the  values  of  the-coeffi-  • 
cient  of  expansion  of  cast  and  cermet  titanium.  It  is  also 
evident  that  the  influence  of  an  admixture  of  hafnium  in  the 
initial  zirconium  (0.03-0.65  and  1.1  weight  %  hafnium)  on  the 
coefficient  of  thermal  expansion  of  its  solid  solutions  containing 
titanium  is  insignificant.  The  thermal  expansion  curve  of  the 
deformed  specimens  is  somewhat  below  and  almost  parallel  to  the 
thermal  expansion  curve  of  the  cast  specimens  (see  Fig.  6). 

This  difference  in  the  thermal  expansion  between  the  cast 
and  deformed  specimens  was  observed  also  in  individual  zirconium- 

..  .  i 

base  alloys,  especially  in-  an  alloy  containing  10!*  halfnium,  which 


0 


was  reported  in  work  [4].  Such  a  phenomenon  is  explained  by 
the  preferred  orientation  which  takes  place  in  metals  with  an 
hexagonal  structure  after  cold  deformation. 

The  lower  values  of  the  coefficients  of  thermal  expansion 
of  the  cermet  specimens  in  comparison  with  the  case  specimens  of  ! 

J 

alloys  of  approximately  the  same  compositions  are  apparently 
explained  by  their  contamination  by  impurities,  mainly  by  oxygen,, 
whose  content  in  the  cermet  specimens  reached  1%.  One  ought  to  j 
add  that  this  phenomenon  is  not  connected  with  a  change  in  the  j 
density  of  cermet  specimens  when  heating  them  in  measurements 
up  to  900°C,  since  their  length  before  and  after  testing  remained- 

i 

identical.  The  data  given  in  Fig.  4  show  that  even  in  the  ( 

J 

molybdenum-niobium  system  in  the  cermet  specimens  of  the  alloys 
lower  values  of  the  coefficient  of  thermal  expansion  were  also  j 
obtained  in  comparison  with  the  cast  specimens.  ! 

i 

I 

The  experimental  findings  given  in  Fig.  7  show  that  in  the  1 

iron-chromium  system  the  coefficient  of  thermal  expansion  of  t 

magnetic  iron-base  solutions  even  with  a  solution  in  them  of  5%  t 

chromium  sharply  decreases  from  13*10“^  deg-1  for  pure  iron  to 

—  —  *1  *  * 

11.8*10"  deg"  in  the  alloy  in  the  20-300°C  temperature 'range. 

With  a  further  increase  in  the  chromium  content  in  iron  to  30%, 

the  slope  of  the  thermal  expansion  curves  becomes  less  steep;  at  , 

40  JJ  chromium  the  coefficient  of  thermal  expansion  barely  changes  . 

in  tne  20-300,  20-500  and  20-700°C  temperature  ranges,  but  at  45%  * 

chromium  the  coefficient  of  thermal  expansion  of  the  nonmagnetic  . 

alloy  increases  Intermittently.  At  a  50%  content  of  chromium 

in  the  iron-chromium  system  the  coefficient  of  thermal  expansion  ' 

also  drops  sharply,  and  with  a  further  increase  in  chromium 

content  it  monotonically  decreases  both  in  the  magnetic  and  • 

paramagnetic  domains  of  this  system.  —  -  ; 
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Fig.  7.  The  variation  in  the  coefficient 
of  thermal  expansion  of  alloys  of  the 
iron-chromium  system,  depending  on  compo¬ 
sition  and  structure  in  the  20-300,  20-500 
and  20-700° C  temoerature  ranges:  1  — 
20-300°C,  treatment  at  710°C  for  240  h; 

2  -  20-500°C,  treatment  at  710°C  for  24 Oh; 

3  -  20-700°C,  treatment  at  710°C  for  240 h; 

4  —  20-300°C,  hardening  from  1000°C;  5  —  0- 
250°C[7];  6  -  20-300°C,  annealing  at  950°C 

[2];  7  -  20-100°C,  annealing  at  950°C  [2]. 

KEY:  (1)  Nonmagnetic,  a-phase;  (2)  Mag¬ 
netic;  (3)  Nonmagnetic. 

The  concentration  dependence  of  the  coefficient  of  thermal 

expansion  in  the  iron-chromium  system  was  investigated  in  alloys 

subjected  to  prolonged  homogenizing  annealing  at  710°C  for  240  h, 

which  ensures  the  equilibrium  state  of  the  alloys  and  the  formation 

of  a-phasc  at  the  appropriate  compositions.  Therefore,  the 

peak  on  the  composition  property  diagram  corresponds  to  the 

presence  of  a  uniform  nonmagnetic  a-ohase  with  a  new  crystalline 

o  o 

structure  and  with  lattice  parameters  (a  =  8.800  A  and  c  =  4.544  A) 
which  differ  sharply  from  the  values  of  the  lattice  parameters  of 
pure  metals  -  iron  and  chromium  which  form  the  system.  The 
presence  of  a  uniform  a-phase  in  an  alloy  with  45  weight  % 
chromium  was  confirmed  by  radiographic  and  microscopic  analyses. 

It  was  established  also  that  after  hardening  of  this  alloy  from 
a  temperature  of  1000°C  (higher  than  the  stability  of  the  a-phase), 
it  again  acquires  magnetic  properties  and  its  coefficient  of 
thermal  expansion  decreases  very  sharply,  which  is  clearly  evident 
from  the  graph  in  Fig.  7.  Data  or.  the  thermal  expansion  of 
certain  alloys  based  on  the  iron -chromium  system  containing  up 
to  50?  chromium  have  been  entered  here.  The  data  were  obtained 
in  work  [5],  In  which  the  a-phased  alloys  were  not  studied. 

Approximately  the  same  oehavior  pattern  of  the  coefficient 
of  thermal  expansion  in  dependence  on  composition  is  observe  1 
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also  in  the  Iron-vanadium  system,  in  which  the  a-phase  is  formed 
in  the  content  range  of  about  50  weight  %  vanadium  after  prolonged 
annealing  at  a  temperature  of  1000°C. 

As  a  result  of  studying  the  thermal  expansion  of  the  solid 
solutions  of  refractory  metals  in  groups  IV,  V  and  VI  .of  the 
periodic  system  it  has  been  established  that  in  the  curves  of 
the  dependence  of  the  coefficient  of  thermal  expansion  upon 
composition  in  all  the  investigated  solid  solutions,  no  minima  or 
maxima  inherent  in  alloys  with  a  ferromagnetic  anomaly  or  in  the 
alloys  in  which  phases  of  the  a-phase  are  formed  have  been  detected. 

In  all  cases  the  coefficient  of  thermal  expansion  of  the 
single-phase  solid  solutions  of  refractory  metals  has  either  an 
approximately  linear  dependence  upon  composition  (chromium- 
vanadium,  chromi um-molybden"n,  molybdenum-niobium,  zirconium- 
titanium),  or  changes  on  a  curve,  while  remaining  in  magnitude 
within  the  limits  of  the  values  of  the  coefficients  of  thermal 
expansion  for  the  elements  forming  the  system  (molybdenum- 
vanadium,  niobium-vanadium). 

The  obtained  experimental  findings  made  if  possible-  to  find 
among  the  investigated  systems  of  refractory  metals  adequate 
bases  and  compositions  of  nonmagnetic  alloys  with  low  (assigned) 
coefficients  of  thermal  expansion  and  satisfactory  plasticity 
for  the  manufacture  of  airtight  junctions  with  dielectrics. 

The  results  of  testing  the  developed  alloys  in  junctions  with 
ceramics  have  been  published  ir.  works  [2,  3]. 
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